In order to achieve a longer life cycle, higher reliability is necessary for products. Generally, the traditional reliability analysis methods can be performed based on sufficient failure data. However, it is difficult to get such amount of failure data in practical engineering, which brings challenges to the traditional reliability analysis methods. Consequently, the traditional reliability analysis methods are not suitable for the case of no failure data or less failure data. In order to tackle the above challenges, an uncertainty analysis strategy using accelerated performance degradation information is given. While, in this method, the utilization of acceleration factor increases the number of model parameters, which lead to the loss of the accuracy of the model parameter estimation under the finite degradation data. To enhance the above strategy, a reliability analysis method of accelerated performance degradation based on Bayesian strategy is proposed in this study. The accelerated performance degradation analysis method combining historical degradation data and empirical information is introduced here. An engineering example of CNC machine tool function milling head is also used to illustrate the effectiveness of the given method.
I. INTRODUCTION
With the acceleration of product replacement and the intensification of market competition, how to enhance the reliability of products has become the key problem in the practical engineering [1] - [5] . For products with the slow process of performance degradation, it is not easy to get sufficient degradation information in short term [6] - [8] . In this situation, conventional performance degradation analysis methods cannot be performed to achieve high-accuracy reliability evaluation.
In order to further expand the application of performance degradation analysis methods in the field of reliability, researchers use the idea of accelerated life test to obtain accelerated degradation data of products by performing accelerated degradation testing of products under high stress levels.
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The reliability of product can be evaluated through modeling and analysis [9] - [13] . The research on accelerated performance degradation analysis technology mainly includes two parts: accelerated performance degradation modeling and evaluation analysis of evaluation indicators [14] . The accelerated performance degradation modeling is the basis of accelerated performance degradation analysis technology. It is based on the characteristics of product performance degradation and acceleration performance degradation data. The product performance degradation model and the accelerated performance degradation equation are introduced to describe the accelerated degradation information of product performance. Moreover, the relationship between life and performance degradation can be established [15] .
Compared to conventional performance degradation analysis, the introduction of acceleration factors often leads to an increase in model parameters, which can result in the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ loss of accuracy of model parameter estimation under finite degradation data [16] - [18] . However, the introduction of the acceleration factor is often accompanied by the perception of the performance degradation mechanism, which also makes it possible to use historical data and empirical information about product performance degradation [19] , [20] . In this study, an accelerated performance degradation method based on Wiener process and gamma process is given. Furthermore, the Bayesian strategy is applied to study the historical data, empirical information and accelerated performance degradation data parameter estimation. Finally, an engineering example, the function milling head of a certain type of CNC machine tool is given to show the application of the proposed model.
The rest of this study will be organized as follows. The step-stress accelerated performance degradation model is given and discussed in Section 2. In Section 3, the posterior distribution of accelerated performance degradation model parameters is proposed. In Section 4, the analysis strategy of accelerated performance degradation data based on Bayesian method is given, followed by a practical engineering example in Section 5, followed by the conclusions in Section 6.
II. THE STEP-STRESS ACCELERATED PERFORMANCE DEGRADATION MODEL
The accelerated performance degradation equation is used to describe the relationship between product degradation law and environmental stress (acceleration stress). Accelerated performance degradation testing accelerates product performance degradation by improving product conditions or environmental stress to achieve adequate product performance degradation information in a shorter period of time. The working condition or environmental stress in the test, that is, the accelerated stress, is a stress factor that is determined on the basis of the analysis of the performance degradation mechanism of the product and affects the rate of degradation of the product performance. Under the condition of ensuring the deterioration mechanism of product performance, the products exhibit different performance degradation speeds under different acceleration stresses. The performance degradation data under different accelerated stresses is converted into performance degradation data under rated working stress by accelerating the performance degradation equation. In addition, the conversion relationship of product life under different stress levels can be established [10] .
The accelerated performance degradation equation is divided into a physical acceleration performance degradation equation and an empirical acceleration performance degradation equation, like fatigue failure under defects [20] , [21] . In addition, according to the number of accelerated stresses, the accelerated performance degradation equation can be divided into single stress acceleration performance degradation equation and multi-stress acceleration performance degradation equation. For example, according to the different stress acceleration modes, the acceleration performance degradation equation can also be divided into constant stress acceleration performance. Degradation test, step stress acceleration performance degradation test and sequential stress acceleration performance degradation test [10] . In practical engineering, the constant stress acceleration performance degradation test requires relatively more test samples, while the sequential stress accelerated performance degradation test requires higher test load equipment. In contrast, the step stress acceleration performance degradation test is a consideration. The method of efficiency and cost is thus widely used in practical engineering [22] , [23] .
This study analyzes the accelerated performance degradation model mainly for the step stress acceleration performance degradation test data. The accelerated performance degradation model mainly includes two parts: the accelerated performance degradation equation and the performance degradation model. The performance degradation model is used to reflect the degradation law of the product under normal working conditions. The accelerated performance degradation equation is used to describe the relationship between product degradation law and environmental stress (acceleration).
The step-stress acceleration performance degradation test is to test all products in a stepwise increasing stress sequence. This test needs to maintain a constant stress test for each period of time under each stress. The test will stop until products fail or the test time reaches a predetermined value. The number of products is N. The stress application process is divided into k steps. The magnitude of the stress and the duration time under each stress are expressed as:
In this study, the accelerated performance degradation equation uses the Arrhenius model.
For the Wiener processes based performance degradation models, µ is closely related to the rate of performance degradation, combining the Arrhenius model given by Eq. (2), the corresponding acceleration performance equation is expressed as:
At this time, according to the nature of the Wiener process, combining the manner in which the step stress is applied and the duration of time shown in Eq. (1), the Wiener process based single stress model can be described as:
Furthermore, the Wiener process based single stress accelerated performance degradation model is:
For the given performance degradation model based on gamma process, its shape function η (t) is closely related to the rate of performance degradation Combined with the Arrhenius model, the following equation of the acceleration performance degradation are constructed by taking the parameters µ, α and ω in the shape function respectively for the corresponding accelerated stress sensitive parameters:
At this time, according to the nature of the gamma process, combining the manner in which the step stress is applied and the duration of time shown in Eq. (1), the gamma process based single stress accelerated performance degradation model can be described from the perspective of degradation increments as:
can choose various forms such as Eqs. (5) to (7) according to different performance degradation mechanisms.
III. PARAMETER ESTIMATION OF ACCELERATION PERFORMANCE DEGRADATION MODEL BASED ON BAYESIAN METHOD
Performance degradation modeling is the key link of performance degradation analysis, the estimation of model parameters directly affects the pros and cons of product performance degradation prediction and reliability assessment results [24] .
For accelerated performance degradation test data obtained under step stress, it is often challenged by the small size of the test sample and the small number of observation points per stress. Especially when modeling reliability for individual differences in products, small sample test information is often difficult to provide sufficient product differentiation information, the estimation results of the model parameters used to describe the individual differences of the products at this time are inferior. In the framework of Bayesian method, this section studies the model parameter estimation methods of fusion product performance degradation historical data, empirical information and experimental observation data.
A. INTRODUCTION TO BAYESIAN METHOD
In the framework of Bayesian theory, the information used for model parameter estimation is divided into three categories for description and operation: a prior information, sample information, and general information [25] , [26] . The overall information is the model information, which is the overall assumption of the product performance degradation model [27] - [29] . The sample information is the observation information, which is the information provided by the data observed in the accelerated performance degradation test of the product, this type of information is the primary source of information for parameter estimation. The prior information is the information provided by other sources of information other than the observed data, it generally includes product performance degradation historical data and empirical information. This type of information is often used to supplement sample information. The Bayesian method is a probabilistic analysis method based on subjective probability, based on overall information, sample information and prior information. The Bayesian method is to describe the overall information, sample information and prior information separately. Among them, the overall information and the sample information are characterized by a likelihood function under the assumption of a specific model, and the prior information is described by the probability distribution (prior distribution) of the model parameters under the assumption of the specific model.
From a mathematical point of view, the Bayesian method can be intuitively described as a Bayesian formula:
where θ is the model parameter to be estimated and D is the observed sample information, l( D| θ ) is a likelihood function, π (θ ) is a prior distribution, and p( θ| D) is a posterior distribution.
Using Bayesian method to study the model parameter estimation methods of fusion product performance degradation historical data, empirical information and experimental observation data, it mainly consists of three parts:
(1) Acquiring the acquisition of a priori distribution of historical degradation data and empirical information;
(2) Characterization of Likelihood function of accelerated performance degradation test data;
(3) The posterior distribution solution of the model parameters.
The Bayesian method-based acceleration performance degradation model parameter estimation method will be described in the following three aspects.
B. POSTERIOR DISTRIBUTION OF ACCELERATED PERFORMANCE DEGRADATION MODEL PARAMETERS
The Bayesian formula can be used to obtain the posterior distribution of the model parameters. The posterior distribution is the result of the fusion of historical degradation data, empirical information and experimental data, and it is the basis for subsequent product performance degradation prediction and reliability assessment.
(1) Posterior distribution of Wiener process based acceleration performance degradation model parameters.
Assume that the prior distribution of the parameters of the Wiener process based accelerated performance degradation model is π (a, b, σ ) according to the fusion method of historical degradation data and empirical information. In actual engineering, it is often assumed that the model parameters are independent of each other, and the prior distribution obtained at this time is described as π (a)π (b)π (σ ) Using the Bayesian formula described in Eq. (9), the parameters a, b and σ can be obtained as:
(2) Posterior distribution of acceleration performance degradation model parameters based on gamma process.
Assume that the prior distribution of the gamma process based acceleration performance degradation model parameters is π (a, b, β) Applying the Bayesian formula described in Eq. (9), the parameters a, b and β can be obtained as:
Since the analytical expressions of the joint posterior distribution of the model parameters in Eqs. (10) 
IV. THE ANALYSIS STRATEGY OF BAYESIAN-BASED ACCELERATED PERFORMANCE DEGRADATION DATA
Similar to performance degradation prediction, based on the joint posterior distribution of the model parameters, the reliability of the product under different working stresses can be evaluated. According to performance degradation obeys the product reliability function of the Wiener process, the reliability function of the obtained product under rated working stress conditions is:
The reliability function is given on the basis of known model parameters, when the joint probability distribution of the model parameters is given in the form of a posterior distribution, the product reliability function can be expressed as:
Similar to the Wiener process, the performance degradation described by equation (11) obeys the product reliability function of the gamma process. The conditional reliability function and reliability function of the product under rated working stress are:
Among them, η(t, S 0 ) is consistent with the acceleration performance degradation equation.
Since both Eqs. (13) and (15) have no analytical expressions, this paper uses the posterior distribution samples extracted by the MCMC method in Bayesian parameter estimation. 
V. EXAMPLES
This section takes the analysis of the acceleration performance degradation data of a certain CNC machine tool milling head as an example to analyze the method proposed in this study. Since the core of this study is not the design and implementation of accelerated tests, but the analysis of accelerated performance degradation test data.
From the perspective of model and method demonstration applications, the application background and degradation of data used here can demonstrate the proposed model and method, and can be extended to other accelerated performance degradation data analysis.
A. PERFORMANCE DEGRADATION DATA OF A CNC MACHINE TOOL FUNCTION MILLING HEAD
As a key subsystem of a certain type of machine tool, the function of milling head is characterized by long production cycle, high test cost and relatively long service life, how to evaluate its reliability in a short time, small sample and low cost is a key issue in the reliability research of a certain type of CNC machine tool. Through the fault mode, influence and hazard analysis of a certain type of machine tool function milling head, the main drive bevel gear and spindle bearing of the function milling head are the key subsystems, the corresponding main failure modes are gear wear and bearing damage. From the perspective of performance degradation, the wear of the main drive bevel gear of the functional milling head and the damage of the spindle bearing correspond to the increase in the amplitude of the vibration signal. By collecting a variety of information sources in the design, development and use stages of the mining function milling head, and designing accelerated performance degradation tests, information and data on the performance degradation of the functional milling head are obtained.
(1) Expert experience information is given in Table 1 for a probability code table for the collection of expert experience information on the amplitude of the vibration signal at 500 hours of service.
(2) Historical performance degradation data is given in Table 2 for performance degradation data of the measured vibration signal amplitude of a functional milling head of the same type.
(3) The performance degradation data of the vibration signal amplitude under the step-acceleration performance degradation test of the 3-stage accelerated stress is shown in Table 3 .
B. ACCELERATED PERFORMANCE DEGRADATION PREDICTION AND RELIABILITY ANALYSIS OF A CNC MACHINE TOOL FUNCTION MILLING HEAD
After the parameters of the functional milling head performance degradation model are estimated using the Bayesian method, based on the performance degradation prediction and reliability assessment methods given in Section 4, the performance degradation of the newly used functional milling head can be predicted and its reliability can be evaluated.
The prediction of performance degradation of the newly used functional milling head, using the sampling method of the degraded increment in Section 4. The predicted performance degradation values of the five functional milling heads in the service time interval [0, 4800] h are shown in Fig. 1 . From the data of performance degradation prediction, considering the performance degradation manifested by the amplitude of the vibration signal separately, and setting the degradation threshold D V to 80% of the amplitude of the limit vibration signal, when the operating stress is 0.8 times the rated stress, the service time of the five functional milling heads is greater than 4800h, which provides a quantitative reference for the replacement repair time of the main drive bevel gear and the main shaft bearing.
In order to analyze the effect of service stress on the performance degradation of functional milling heads, a Bayesian method based performance degradation prediction method is applied, and performance degradation predictions for five newly-introduced functional milling heads at 1.0, 1.2 and 1.5 times the rated stress of the working conditions are given in Figs. 2-4 .
From the performance degradation with the change of service working stress, it can be known that the service working stress has a significant impact on the performance degradation of the main drive bevel gear and the main shaft bearing. The use of the stress beyond the rated working condition will bring the main drive bevel gear and the main shaft bearing. Severe damage causes the performance degradation of both to increase rapidly. This provides the basis for the machine tool manufacturer to determine the stress of the rated working condition and the preparation of the operating instructions. It also provides a reference for the machine user's task arrangement and process preparation in the actual use of the machine tool. At the same time as predicting the performance degradation of the newly used functional milling head, the reliability evaluation of the newly used five functional milling heads was carried out according to Eq. (13) . The degraded incremental sampling method described in Section 4 is applied. The reliability function of five functional milling heads as a whole under different working conditions is shown in Fig. 5 .
It can be found in Fig. 5 that the stress of different working conditions has a significant influence on the reliability of the main drive bevel gear and the main shaft bearing of the functional milling head. When the functional milling head is under rated working stress, it can maintain good reliability in the service time of 2500h. When the functional milling head is under 0.8 times of rated working stress, the functional milling head can maintain better reliability in 5000h. When the operating condition stress of the functional milling head increases from the rated working stress to 1.5 times the rated working stress, the reliability of the functional milling head at 1000 h is rapidly reduced from 0.9 to 0.6. This is consistent with the conclusion that the increase in stress in the performance degradation prediction has a significant effect on the increase in the amplitude of the vibration signal.
VI. CONCLUSION
This study focuses on the introduction of acceleration factors, the increase of model parameters, the reduction of sample size and the improvement of analysis confidence requirements in acceleration performance degradation analysis. The Bayesian method is used to construct an accelerated performance degradation analysis method that combines historical degradation data, expert experience information, and accelerated performance degradation test observation data. Combined with the classical acceleration performance degradation equation, the Wiener process and gamma process based step stress acceleration performance degradation models are given. In the framework of Bayesian theory, the method of obtaining prior distribution by fusion of expert experience information and historical performance degradation data is studied. On this basis, the MCMC method is used to construct the methods of model parameter estimation, performance degradation prediction and reliability evaluation in the case of no analytic solution of model parameters posterior distribution, performance degradation prediction function and reliability prediction function. Finally, the model built in this chapter is analyzed and validated through the analysis of acceleration performance degradation of functional milling head of a CNC machine tool.
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